Rocks with potential for karst formation are found in all 50 states. Damage due to karst subsidence and sinkhole collapse is a natural hazard of national scope. Repair of damage to buildings, highways, and other infrastructure represents a significant national cost. Sparse and incomplete data show that the average cost of karst-related damages in the United States over the last 15 years is estimated to be at least $300,000,000 per year and the actual total is probably much higher. This estimate is lower than the estimated annual costs for other natural hazards; flooding, hurricanes and cyclonic storms, tornadoes, landslides, earthquakes, or wildfires all of which average over $1 billion per year. Very few state organizations track karst subsidence and sinkhole damage mitigation costs; none occurs at the federal level. Many states discuss the karst hazard in their state hazard mitigation plans, but seldom include detailed reports of subsidence incidents or their mitigation costs. Most state highway departments do not differentiate karst subsidence or sinkhole collapse from other road repair costs. Amassing of these data would raise the estimated annual cost considerably. Information from insurance organizations about sinkhole damage claims and payouts is also not readily available. Currently there is no agency with a mandate for developing such data. If a more realistic estimate could be made, it would illuminate the national scope of this hazard and make comparison with costs of other natural hazards more realistic.
Introduction
Karst subsidence in the United States, particularly catastrophic sinkhole collapse, is a significant natural hazard with national scope. Although the potential for subsidence or sinkhole occurrence is aerially variable, areas underlain by relatively soluble carbonate and evaporite rocks exist in all 50 states (Figure 1 ).
Sinkhole collapse tends to occur more often in the eastern part of the country, where there is generally higher rainfall and where local geologic settings are conducive to formation of cover-collapse sinkholes, such as soluble rocks overlain by variable thicknesses of sediment or soil. The New England states are less prone to sinkholes because many sinkholes which may have formed in the bedrock surface have been removed by glacial scouring.
While fatalities, or even injuries, are rare, karst subsidence and sinkhole collapses damage man-made structures and cost the nation many millions of dollars each year. In addition, land values in sinkhole-prone areas can become depressed, impacting not just land owners, but also counties and municipalities that are dependent on real estate and property tax revenue.
Unlike other natural hazards, sinkhole collapse is generally not dependent on extreme weather events and can occur, sporadically, across the country every year. Man-made infrastructure and buildings and transportation arteries have expanded onto karst terrain that was formerly rural and sparsely developed. Features such as water supply pipes, storm drains, and sewers, already built over karst, are failing at higher rates as they age, particularly if they have not been maintained.
The Problem
Karst subsidence and sinkhole collapse is a significant natural hazard. The problem is determining just how much it costs the United States annually and where it ranks compared with other hazards such as hurricanes, floods, earthquakes, landslides, volcanoes, and tsunami. There is no comprehensive national database documenting the occurrence of karst subsidence or sinkhole collapse, or their cost. There is also little cost information available from most States. Most researchers, when asked about the level of economic impact of karst hazard, familiar with the subject will reply "great question, we wish we knew!" Publically available scientific and trade literature, and news media reports, generally contain vague accounts of sinkholes, and sinkhole damage. They rarely include accurate damage cost estimates. It is also difficult to determine whether a reported "sinkhole" is actually a natural collapse into a karst void or manmade void or whether it was man-initiated. For example, did the leaking water pipe cause the subsurface void and sinkhole collapse, or did collapse of a natural sinkhole cause the overlying water pipe to break? The hazard is very real, as evidenced by the amount of money involved in sinkhole insurance premiums and payouts. State and local governments may be reluctant to track and report sinkhole damages, because such information may lead to reduced property values and a reduction in the property tax base. U.S. Geological Survey, 12201 Sunrise Valley Drive, MS926A, Reston, VA, 20192, USA, dweary@usgs.gov There is a growing awareness among national natural hazard management agencies, insurance organizations, highway departments, and karst scientists that the costs of the karst hazard, in terms of property damage, is significant. There has been, however, little political or institutional support for data collection, scientific studies, or mitigation programs partly because there is very little data documenting the totality of karst subsidence and sinkhole costs at national, state, or even municipal levels. Also, the karst hazard tends to be manifested by scattered and sporadic individual events that are local in scope. Although karst collapse is sometimes very costly locally, they often fail to reach thresholds where they become worrisome to the general public and their civic leaders. Although there have been some spectacular, but limited, collapse incidents, there has never been a presidentially declared sinkhole disaster. In aggregate, however, the costs induced by sinkhole collapses across the United States are significant and may be large enough to compare with other natural hazards. States that are aware of their sinkhole hazard tend to keep incomplete records of karst incidents.
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The purpose of this paper is to attempt to outline an estimate of the cost of karst subsidence and sinkhole hazard in the United States and to emphasize the lack of hard data available at almost all scales. The intent of this paper was to try and describe the problem and elucidate the need for data, and not to create an exhaustive national database.
Definitions
Impediments to public and official acknowledgement of the true magnitude of karst hazards include a lack of understanding of the processes involved, as well as nonstandard definitions of collapse features. It is common for the news media to report any type of collapse, regardless of cause, as a sinkhole. More often than not these turn out to be collapses in man-made fill and are caused by leaking pipes or drains rather than related to karst processes. Some reports even describe highway potholes, caused by separation of paving materials by freeze-thaw and other processes, as sinkholes. In the context of this study, the term sinkhole refers only to those depressions that result from natural karstic processes. Weary and Doctor (2014) .
Karst
The term karst has traditionally been used to refer to regions of exposed or only shallowly buried soluble bedrock with an abundance of surface landforms, such as sinkholes, sinking streams, springs that reflect the presence of subsurface voids (caves) (Ford and Williams, 2007) . All 50 of the United States as well as most of the territories and islands contain areas of karst (Figure 1 ). About 18% of the ground surface of the United States is underlain by soluble rocks and sediments with potential for sinkhole development (Weary and Doctor, 2014) .
Subsidence
Subsidence is the lowering of the ground surface, either as a gradual and slow process or as a sudden and rapid collapse. Karst subsidence of broad areas is caused by karstic processes of dissolution at the surface or in the subsurface and is so slow that it generally does not constitute a threat to the health and wellbeing of people and animals. This subsidence is often so slow that it does not affect structures, although in some cases it can cause foundation cracking and tilting. There are other kinds of subsidence associated with groundwater withdrawal, mining, and other activities, but they are not addressed in this report.
Sinkholes
Sinkholes are closed topographic depressions caused by a lowering of the earth surface by dissolution of the bedrock or by collapse of the surface into a void produced by solution or removal of subterranean materials. A karst sinkhole is produced by natural processes of solution of the bedrock, sometimes followed by collapse of overlying sediments or soil. For the remainder of this paper, the term 'sinkhole' will refer only to karst sinkholes.
Sinkholes may be divided into several types based on their morphology and the processes involved in their formation. These sinkhole types are: (1) dissolution, (2) cover-subsidence, (3) cover-collapse, and (4) bedrock collapse. See Galloway et al. (1999) for simple descriptions of the first three types. The fourth type, bedrock collapse, is rare and not discussed in that publication or in this report. Most injury and damage resulting from karst subsidence in the U.S. is caused by the cover-collapse type of sinkholes. This is because these sinkholes are relatively common, they often occur without warning as sudden ground failures, and since they occur where there is a soil or sediment mantle over the bedrock their precise locations are difficult to anticipate.
Sinkholes can form over various periods of time. Many were formed many years before the present and, although they indicate solution of the bedrock, they may not pose a threat of future collapse. These depressions might be termed 'topographic sinkholes' or possibly 'inactive sinkholes'. Sinkholes that have formed in very recent time, particularly as sudden collapses may be termed 'active sinkholes' and can indicate instability in the soil or sediment cover of the areas in which they are found. Most sinkholes in state sinkhole databases tend to be based on topographic maps and are of the 'inactive' or 'topographic type'.
Karst hazard
In the context of this report, karst hazard refers to both subsidence and collapse caused by natural karst processes or by other processes working on natural karst features.
Annual cost of karst subsidence in the United States FEMA (1997) conservatively estimated losses to all types of ground subsidence, including karst, to be at least $125 million per year in the U.S., a very low figure indeed.
Florida is generally accepted as the state most adversely affected by karst collapse. Other sinkhole-prone states include: Texas, Alabama, Missouri, Kentucky, Tennessee, and Pennsylvania. This list is attributed to the U.S. Geological Survey (USGS) where it appears on a few informational webpages (for example see the USGS Water Sciences School webpage at: http://water.usgs.gov/edu/ sinkholes.html). This list appears to be ad hoc, anecdotally-based, and there is no substantive reference for it. There is inadequate sinkhole data available to authoritatively evaluate the relative ranking of these states, or even whether they actually rank within the top seven of all states for occurrence of damaging sinkholes. Many states other than those on the list are also adversely affected by karst hazards to various degrees.
The U.S. Disaster Mitigation Act of 2000 mandates that states must have in place a FEMA-approved standard State Hazard Mitigation Plan to remain eligible for preand post-disaster federal hazard mitigation funding. The plan lists significant potential natural hazards that may be expected to impact that state. A review of each state's multi-hazard mitigation plan, most of them 2013 documents, reveals that 29 of the 50 states discuss karst subsidence as a potential hazard and the remainder apparently do not consider karst hazard as significant enough to discuss in their plan ( Figure 2 ). Interestingly, several states known to have abundant karst features, such as Indiana, Illinois, and Arkansas, do not discuss the karst hazard in their hazard mitigation plans.
Methodology
Because of the lack of comprehensive statistics on karst subsidence/sinkhole collapse damage costs, it is impossible to generate a reasonably accurate estimate of the annual cost due to this nationwide. An examination of readily available cost data from the most sinkhole affected states can provide a lower boundary. The actual costs are very probably much higher than the sum of those reported. Any of the cost estimates contained in this report should be considered uncertain as the data are incomplete and many of the data sources used were secondary in nature.
If there was an authoritative estimate of sinkhole damage cost within a state, that figure was used with citation. This was true only for Florida, Kentucky, and Virginia. For each State where estimates of sinkhole damage costs were not available such costs were generated from an analysis of publicly available data. Such sources include: (1) Sinkhole incident and cost information described in each States' hazard mitigation plan; (2) An internet search for reports of sinkhole damage incidents and costs by city or county; (3) An internet search for sinkhole repair reports from each State department of transportation; and, (4) An internet search for sinkhole incident reports and costs statewide for each year for the period 2000-2014. Cities and counties listed as impacted by sinkhole hazard in the state hazard mitigation plans were used as keywords for specific searches. These internet searches were cursory, employing a popular search engine and the keywords: [city or county name], sinkhole, cost, damage, and state. I generally examined only the first several pages of search returns. Extended links from these search results were often followed in an attempt to find additional information on incidents reported or alluded to. I examined each incident report and used my judgment, based on the geologic setting and the source's description of the 'sinkhole', to decide whether to include it in the state sinkhole cost estimate. Many incidents were obviously not karst sinkholes and were not included. Individual incidents identified in the searches are listed by state in Table 1 .
No attempt was made to adjust reported cost amount for inflation, the raw numbers were used. All costs identified for the years 2000-2014 were summed and the average cost per state per year calculated. These averages were then summed to produce a rough minimal estimate of cost to the United States per year.
Other karst-related damage or remediation costs, like ongoing rehabilitation of leaking dams built over karst such as the Wolf Creek Dam, Kentucky, estimated at $300 million (Carey and others, 2008) 
Georgia
There were several news media reports mentioning sinkholes, but all were related to failed storm water drainage structures. The Georgia Emergency Management Agency (2014) discussed the geology and geography of potential sinkhole areas in the state, but has no data on specific incidents or costs.
Indiana
Indiana is underlain by large areas of karst and has many known sinkholes. Sinkhole damage and threat of further collapse to the Monroe county airport, first noticed in the 1990's was repaired for $11 million in 2014 (Scott, 2014 ; Table 1 ).
Illinois
No reports of recent sinkhole damages were found for Illinois. Most sinkholes in Illinois are in rural areas in the southern part of the state.
Kentucky
Kentucky is one of the few states that have attempted to keep a sinkhole collapse database and to quantify the cost of sinkhole collapses. Cover-collapse sinkholes in Kentucky cause about $20 million in damage per year 
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Maryland
Frederick County has been a hotspot for sinkhole collapse incidents in Maryland in recent years, as there is a combination of geology conducive to sinkhole formation and urban development of the greater City of Frederick area (Brezinski, 2007) . The Frederick County hazard mitigation plan (2010) lists several examples, but only one entry includes a dollar amount: $2,000,000. A sinkhole collapse of a road in Washington County in 2007 cost $217,141 to repair (Table 1) .
Minnesota
No cost amounts for specific incidents were found, although the Minnesota state hazard mitigation plan (2014) lists several incidents of sewage lagoon collapses into sinkholes. (Tennessee, 2013) . There is also a map of land subsidence hazard relative risk index by county that was generated in a GIS. The index ranges from 1 to 6, with 6 being the highest. The index was apparently based on area of each county underlain by potentially karstic rocks.
Missouri

Missouri is extensively underlain by
Easily identifiable incidents with costs for the period 2000-2014 totaled only $696,450 or an average of $46,430 per year (Table 1 ). Very few incident reports were available in this karst-rich state, so the amounts obviously underrepresent the actual costs.
Texas
Karst terrain in Texas straddles the divide between karst in humid climate regimes and karst in arid and semi-arid climate regimes of the United States (Weary and Doctor, 2014 
Virginia
The Virginia hazard mitigation plan lists several historical sinkhole collapse incidents but provides little cost information . The Virginia Department of Transportation (VDOT) has some record of cost data associated with sinkhole repairs to highways and roads and it has been roughly estimated that about $8 million dollars were spent on sinkhole repairs over the years 2000 (B. Bruckno, VDOT, 2015 .
West Virginia
The West Virginia statewide standard hazard mitigation plan categorizes karst hazard as a type of land subsidence, but lists no specific incidents or costs (West Virginia, 2013 
Results
Over the last 15 years (2000-2014) sinkhole collapse and karst subsidence has cost on average, at least $304,316,761 per year, based on the sum of costs listed in Table 1 , as well as the costs reported for Florida, Kentucky, and Virginia.
Comparison of karst subsidence costs with other natural hazards/disasters
Natural hazards are natural processes which cause loss of life, injury, or health impacts to people; property damage; social or economic disruption; or environmental damage. A natural disaster is a disruption of the functioning of a community or a society involving widespread human, material, economic, or environmental losses and impacts that exceed the recovery ability of the affected community or society (Holmes and others, 2012) . A disaster usually occurs as a single event or series of events.
Since data are quite sparse, comparing the annual costs of karst subsidence damage to the better-known natural hazards is difficult. Most of the direct cost of a subsidence event may be the repair or replacement of damaged structures, repairs to infrastructure, particularly roads and bridges, and loss of real estate values. Kjekstad and Highland, 2008; Shuster and Highland, 2001) , earthquakes (about $2.5 billion per year; Vranes and Pielke, 2009) , wildfires (about $1.5 billion per year in federal suppression costs alone; National Interagency Fire Center, 2014), volcanic eruptions (rare but costly), and tsunamis (rare, but potentially very costly). Based on the information collected in this report, sinkhole damages in the United States average at least $300 million per year. Figure 3 illustrates the relative annual cost of natural hazards and disasters, including sinkholes, in the United States.
Discussion
The estimated annual cost of sinkhole damage, $304 million per year, is a very conservative minimum figure that is based on the relatively few incidents that are documented in this report. Complete information about the cost of damage by karst subsidence incidences is not available. These include: unreported property damage to private, commercial, and government buildings; and most of the cost of highway repairs (except for the losses reported in Kentucky and a few other incidents in other States). If a full accounting were possible for the total actual costs of sinkhole damage, it is likely that annual damages would be significantly higher than the amount reported here.
In compiling information for this report, no karst cost information was found from several states that have karst and therefore must have at least some occurrence of sinkhole damage. Addition of these losses will increase the national cost estimate.
State geological surveys generally are good possible sources for obtaining karst subsidence and sinkhole collapse cost information aware of the extent of karst lands and the potential of karst hazard within their respective states. Some of these surveys keep records of sinkhole incidents, but most do not have the funding or political mandate to obtain and keep records programmatically. Perhaps a survey initiated by an organization such as the American Association of State Geologists (AASG) could poll the state geological surveys for known incidents and cost estimates.
As mentioned earlier in this report, each state has a hazard mitigation plan, which includes a format for karst, sinkhole, or ground collapse hazard description and historical incidence. These descriptions are usually generalized and detailed data are generally not easily available. Many of the states rely on their geological surveys to complete this portion of their mitigation plan and so these surveys it may be better primary sources. At the federal level perhaps FEMA could encourage greater reporting detail in those state plans.
In some states insurance organizations and regulators collect karst subsidence and sinkhole collapse damage information such as Florida did in a data call to their property insurers (Florida Office of Insurance Regulation, 2010) . This data call represented an investment in time and money and was driven by the mounting losses to sinkhole insurance claims in Florida, a situation that has not occurred in other states. Without such a driver, it is difficult to mandate similar calls elsewhere, but voluntary surveys may be a possibility.
There is some information available through State Departments of Transportation, generally from archived news releases and public contract awards. An organization such as the American Association of State Highway and Transportation Officials (AASHTO) could sponsor a specific survey of State highway maintenance engineers. Once again, there is the problem of highway department's generally not recording sinkholes as a unique type of damage repair and because of the need for a geologist or engineer to separate karst incidents from other types of collapse.
Of course there is also potential karst information and informational contacts available through the many karst scientists in in the United States. The Geological Society of America (GSA) recently added a Karst Division (2014) which could access a large contact list for information and suggestions on defining the karst hazard. Likewise, the National Cave and Karst Institute (NCK-RI) could also reach out to its contacts and friends for information.
